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Micro and nanomaterials in forensic science
MIKRO A NANOMATERIALY VE FORENZNi OBLASTI

M. Kotrly
Kriminalisticky Ustav Praha, poét. schr. 62/KUP, 170 89 Praha 7

Nanocastice a nanomaterialy se nachazeji v velkém
mnozstvi produktt, se kterymi se 1ze v kazdodennim zivoté
setkat, jejich pfesna identifikace v dikaznim fetézci muze
vést k presnéjSimu urceni latky, mize se jednat o vitany
markant vedouci k vylou€eni, nebo potvrzeni stopy pii
vzajemnych komparacich. Nanokompozity jsou dnes
béznou soucasti automobilovych lakt, tiskovych
ochrannych prvki apod., které jsou standardné k
expertizam ve forenzni oblasti predkladany. Nano-
materidly jsou také Casto jediny markant, kterym se lisi
originalni vyrobek od padélku.

KUP testoval moznosti identifikace mikro a nanocéstic
pouzitelné ve forezni praxi. Byly pouzity analytické
metody jak bézné dostupné ve standardné vybavenych
kriminalistickych laboratofich, tak i postupy, které jsou pro
studium nanomaterialii standardné vyuzivany v jinych
institucich. Z metod pro analyzu morfologie nejlepsi
vysledky u anorganickych nanocastic dava dle ocekavani
transmisni elektronova mikroskopie (TEM), resp. vysoce
rozliSujici transmisni elektronova mikroskopie (HRTEM).
Vysledky v zasad¢é srovnatelné, a pro oblast forenzni
analyzy plné dostacujici, ale poskytuji i dalsi metody, které
jsou investi¢n¢ dostupnéjsi, a z hlediska kriminalistickych
analyz i1 univerzalngjsi, protoze je lze vyuzit i pro fadu
dalsich analyz. Jednd se zejména o autoemisni
elektronovou mikroskopii (FESEM), popt. doplnénou o
transmisni detektor (TE/STEM). Tato technika plné
postacuje pro forenzni potfeby morfologickych analyz
materidld a je vyuzitelnd i pro dal$i expertizy, kde
nedostacuje standardni SEM s termalni katodou — napf.
zkoumani zarovek po dopravnich nehodach (kontaktni
mikrosvary), slozitéjsi piipady kiizovych tahu v oblasti
grafickych zkoumani (véetné moznosti analyz v ptipadech,
kdy se psaci pasta ptimo nekiizi s tiskem), apod. Vzorky
pro tyto metody nevyzaduji specialni pfipravu a preparaty
lze vyuzit 1 pro dalsi analyzy. Techniky elektronové
mikroskopie poskytuji pfesnd a absolutni méfeni
morfologickych parametra.

Pro exaktni popis a srovnavani morfologickych para-
metru je vhodné vyuzit metod obrazové analyzy, ktera je
schopna poskytnout kvantitativni a statisticky vyhodnoti-
telné vysledky. Na zéklad¢ morfologickych charakteristik
lze rozlisit i riznych pavod jinak identickych nanocastic
(napf. zptsob vyroby a pfipravy, apod.).

Z metod prvkové analyzy lze pouzit stavajici systémy
energiové disperzni mikroanalyzy (EDS), pii znalosti jeho
nedostatkli a omezeni. Lze ocekavat identifikacni limity od
0.1 hmot.% u nekoincidujicich linii. Problém nastava u

linii koincidujicich s majoritni fazi, zejména je-li potiebné
identifikovat obsahy blizici se urovni detekcnich limitt.
Lepsi limity detekce pro tézsi prvky dava rentgenova fluo-
rescence, ani tato metoda ale netesi otdzku analyzy nizkych
obsahti lehkych prvkt. Zde je nezbytné pouziti vinove
disperzni mikroanalyzy (WDS), popf. analyzy stopovych
obsahil. Zde se (i s ohledem na zkuSenosti partnerskych
zahrani¢nich pracovis ) jevi jako vhodné pouziti ICP-MS s
laserovou ablaci.

Pro latky, které maji krystalovou strukturu, je mozna
jednoznacna identifikace s pomoci RTG difrakce. Pro
experimenty byl pouzit goniometr X’PertPRO, u které¢ho
byly testovany rizné sestavy primarni rentgenové optiky.
Pro velikost vzorkd pod 1 mm, resp. pro analyzu jednot-
livych vrstev u multikomponentnich materiali byly testo-
vany moznosti a limity mikrodifrakce. Jeji nevyhodou je
potieba ptesné justace vzorku a doba expozice — cca 24
hodin. Pro velikost analyzované plochy cca 1 mm lze s
vyhodou vyuzit kolimatoru s rtznou velikosti $térbin.
Vyhodou je kratsi ¢as analyzy nez u mikrodifrakce (max. 2
hodiny). Pfi pouziti optimalizovanych parametrti analyz
lze s kolimatorem dosahnout lepSich intenzit a hodnot
polositek difrakei (FWHM), nez pii pouziti mikrodifrakce.
Absolutni intenzity jsou také pii pouziti kolimatoru vyssi
nez se standardnimi automatickymi divergencnimi clonami
(pti stejné velikosti ozafené, resp. vyclonéné plochy
vzorku).

Limity detekce u RTG difrakce byly pro analyzy
nanomateridlti zji§tény v optimalnim piipad€ az na urovni
0.1 hmot.% (u dobfte difraktujici latky a nekoincidujicich
linii). Az po 0.5 — 3 hmot.% pro piipady latek, které hire
difraktuji, maji vysokou soumérnost struktury, poskytujici
minimum difrakci apod. U mikrodifrakce se limity detekce
mohou posunout az k tirovni 5 hmot.% vzhledem k niz$im
intenzitam a hor§im hodnotam FWHM. Metoda je vSak pro
mikroskopické fragmenty nezastupitelna.

Pro difrakéni experimenty byly pouzity bezdifrakéni
monokrystalové kiemikové podlozky (ingot vytazen ve
sméru {100} a rozfezan na desticky o tlous ce 2 a 0.3
milimetru, fez byl veden pod thlem cca 6 stupiit k roviné
kolmé na smér rustu). Pribézné byla zjisténa potieba
pouziti téchto podlozek i pro elektronovou mikroskopii,
aby nebylo nutné mikroskopické fragmenty pienaset na
jiny nosic. Z téchto divodii bylo nezbytné vyftesit otdzku
vodivosti desti¢ek, protoze jeji nevodivost zptisobovala
problémy v praci ve vysokém vakuu a pro nékteré
analytické prace je pouziti nizkovakuového modu
nevyhodné. Po provedenych experimentech byla zvolena
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modifikace s krystalovou strukturou dopovanou fosforem.
Desticky maji udavanou vodivost 5 Q.cm™, tato hodnota je
pro SEM postacujici (pro srovnani uhlikové vodivé pasky
specialn¢ urCené pro SEM maji vodivost podle
provedenych métfeni cca 500 kW, nékteré az 5 MW).

L10

Implementace modernich mikroanalytickych identifikacni
metod byla na KUP podporena projekty MVCR RN
19961997008, RN 19982000005, RN 20012003007, RN
20052005001, VD20062008B10 a VD20072010B15.

ELECTRON DIFFRACTION, ELEMENTAL AND IMAGE ANALYSIS OF
NANOCRYSTALS

M. Slouf', E. Pavlova', J. Hromadkova', D. Kralova', V. Tyrpekl?

'Institute of Macromolecular Chemistry of the Academy of Sciences of the Czech Republic, v.v.i.,
Heyrovskeho namesti 2, 16206 Praha 6, Czech Republic
?Institute of Inorganic Chemistry fo the Academy of Sciences of the Czech Republic, v.v.i.,
250 68 Husinec-Rez 1001, Czech Republic
slouf@imc.cas.cz

Transmission electron microscope (TEM) can operate in
four main modes: bright field (BF), dark field (DF), elec-
tron diffraction (ED) and energy-dispersive analysis of
X-rays (EDX). A TEM microscope working in all above
mentioned modes (BF, DF, ED and EDX) is usually called
the analytical electron microscope. It is a powerful tool for
study of nanocrystals, which are invisible in light micro-
scopes and do not diffract X-rays sufficiently. TEM/BF in
combination with image analysis yields a quantitative de-
scription of nanocrystal shapes. TEM/EDX gives elemen-
tal composition of nanoparticles. TEM/ED in combination
with crystallographic databases identifies known crystal
structures. TEM/DF may differentiate monocrystals from
twins.

Introduction

Resolution of modern TEM microscopes is well bellow 1
nm, which makes them suitable tools for study of
nanoparticles and nanostructures in bulk materials. Both
nanoparticles and nanostructures cover broad range of ap-
plications in materials science (inorganic nanoparticles,
nanolayers, defects in metals and alloys), polymer science
(synthetic polymer nanocomposites, block copolymers,
polymer micelles) and biology (morphology of cells and
viruses). This contribution is focused on analysis of
nanoparticles, namely nanocrystals.

A standard modern transmission electron microscope
(TEM) operates in three modes: bright field (BF), dark
field (DF), and electron diffraction (ED, SAED). In
TEM/BF we detect transmitted electrons and receive a
“standard” TEM micrograph: a direct image, in which the
dark areas appear due to diffraction and/or absorption con-
trast. In TEM/DF we detect (a selected portion of) scat-
tered/diffracted electrons and obtain a direct image with
“inverted” contrast. In TEM/ED we detect scattered/dif-
fracted electrons in a different way and obtain electron dif-
fraction pattern, which is analogous to X-ray and neutron
diffraction patterns.

As an extra option, TEM microscope can be equipped
with a EDX detector and work in mode of energy
dispersive analysis of X-rays (EDX, EDS). In such a case
we can detect characteristic X-rays and, as a result, perform
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Figure 1. Imaging and diffraction mode in TEM.

XRD and ED of a cubic monocrystal, one axis parallel with primary beam.

(1) XRD: no diffraction. (2) ED: whole plane of reciprocal lattice.
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2) Width of diffraction spots (g, ) decreases with crystal thickness (g, = 1/L,):

In ED, the crystals must be very thin and, consequently, the spots are elongated.

Figure 2. Single crystal diffraction in XRD and ED.

elemental analysis in nanoscale. A TEM microscope
equipped with the four basic modes (BF, DF, ED, EDX) is
usually called the analytical electron microscope.

It is a matter of course that there are also more advanced
and/or special modes of TEM, such as high-resolution
transmission electron microscopy (HRTEM), convergent
beam electron diffraction (CBED), scanning transmission
electron microscopy (STEM), energy-filtered transmission
electron microscopy (EFTEM), cryo transmission electron
microscopy (cryoTEM) - just to name a few. Nevertheless,
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Figure 3. CeO, nanocubes in TEM: (a) bright field, (b) dark field, (c) electron diffraction, (d) EDX spectrum.

this contribution concentrates on the explanation of four
basic modes (BF, DF, ED, EDX) and their application on
study of nanocrystal shapes, elemental composition and
crystal structure.

Selected theory

A modern TEM microscope is a complex optical device.
Complete description of electron paths in the microscope
requires high-level mathematics and physics. Neverthe-
less, the key features of the microscope, important from
user’s point of view, can be explained in a relatively simple
way, as illustrated below.

TEM microscope yields both direct and diffraction images.
Moreover, in modern microscopes the switch between di-
rect and diffraction consists in pressing a single button. The
basic explanation how this is possible is surprisingly sim-
ple, being based just on elements of ray optics (Fig. 1).
Similar ray diagrams can be drawn for the whole TEM mi-
croscope; they can explain not only the difference between
imaging and diffraction mode, but also the difference be-
tween bright-field and dark-field, selected-area electron
diffraction (SAED, traditional technique) and apertureless
diffraction (ED, recent technique) etc.

For single crystal X-ray diffraction, we need to use
four-circle diffractometers and collect diffractions
step-by-step, using either point detectors or 2D-detectors,
such as CCD cameras, image plates of films. In a TEM mi-
croscope, we can see the whole plane of reciprocal lattice in
one image. The basic explanation is again relatively
straightforward, employing just Ewald’s construction, cal-
culation of electron wavelength and one simple formula
from Fourier theory (Fig. 2).

Selected experimental results

Important advantage of TEM investigations is the fact that
we can apply more methods in the same sample and obtain
complete information concerning its morphology, compo-
sition and crystal structure. Figure 3 shows CeO,
nanocubes, which were synthesized in order to be used as a
microscopic marker, distinguishable from widely used

spherical nanoparticles. Cubic shape of CeO, nanocrystals
was apparent from TEM/BF (Fig. 3a), more detailed analy-
sis of shapes could be performed with image analysis soft-
ware [1]. Monocrystalline nature of CeO, nanocubes was
indicated by TEM/DF (Fig. 3b), as the selected diffractions
come from the whole nanocrystals and not just their parts.
Diffraction pattern of the observed CeO, nanocubes was
readily obtained by means of electron diffraction (inset in
Fig. 3c); ED pattern was further processed [2] and com-
pared with calculated with calculated X-ray diffraction [3],
which confirmed the CeO, crystal structure (Fig. 3¢). EDX
analysis of CeO, nanocubes (Fig. 3d) yielded peaks corre-
sponding to the investigated sample (Ce, O), but also a sig-
nal from carbon-coated copper grid, on which the
nanocrystals were deposited (C, Cu), and signal from
impurities such as dust and oil from the nanoparticle
synthesis (C, Si, O).

Conclusion

This contribution briefly describes principle and applica-
tion of analytical transmission electron microscope, i.e. a
TEM microscope, which works in bright field (BF), dark
field (DF), electron diffraction (ED, SAED) and X-ray
microanalysis (EDX, EDS) modes. Such a microscope can
be used, among other things, for analysis of nanocrystals,
which are too small and/or available in too small amounts
for X-ray diffractometers.
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ELECTRON DIFFRACTION - SAED, CBED, PED

M. Klementova

Institute of Inorganic Chemistry of the ASCR, v.v.i., 250 68 Husinec-Rez 1001, Czech Republic
klemari@iic.cas.cz

Introduction

Due to a much stronger interaction of electrons with matter
compared to X-rays, electron diffraction has non-negligi-
ble advantages over X-ray diffraction. Nano-objects that
are too small for conventional X-ray diffraction experiment
and would have to be taken to a synchrotron can be studied
in the laboratory by electron diffraction. Electron diffrac-
tion is readily available on any TEM (transmission electron
microscope) where it can be further combined with other
complementary techniques such as imaging and/or spec-
troscopy. Moreover, electrons are scattered by light atoms
relatively more strongly, and electron diffraction patterns
can show reflections corresponding to a resolution beyond
that available with X-rays. However, the much stronger in-
teraction of electrons with matter as well as very small dif-
fraction angles also cause strong dynamical diffraction
effects, such as multiple diffraction, which hinder struc-
tural interpretation of electron diffraction patterns.

SAED - Selected-area electron diffraction

In SAED [1], a parallel beam (plane wave travelling in one
direction) interacts with sample. An aperture is used to de-
fine the area from which the diffraction pattern is to be re-
corded from a thin sample. This aperture is typically
located in the first image plane below the sample. Typical
size of an area studied by SAED is a few hundred of
nanometers. SAED diffraction patterns are either simple
spot patterns corresponding to single-crystal diffraction or
ring patterns corresponding to powder diffraction from
multiple crystals with a variable orientation (Fig. 1).
SAED is commonly used for phase identification, de-
termination of structural intergrowth, determination of
growth directions etc. Lattice parameters from SAED have
accuracy of approx. 5%, and due to multiple diffraction ki-
nematically forbidden reflections are often present.

a)

Figure 1. SAED: a) spot pattern — SnO, along [001],
b) ring pattern — RuO,.

CBED - Convergent-beam electron diffraction

In CBED [2], the incident electron beam is a cone of inci-
dent rays impinging on sample over a range of angles. As a
result, a diffraction spot will appear as a disc in the back fo-
cal plane (Fig. 2). Such disc contains information from
higher-order Laue zones (HOLZ). Using convergent beam
overcomes the limitation of SAED for analyzing only areas
of approx. 500 nm in size. However, with CBED, the areas
studied are limited by the beam size and the beam interac-
tion volume (approx. 10 nm).

a)

b)

Figure 2. CBED: a) including HOLZ — SnO, along [001], b) sim-
ulation of centre disc of CBED by JEMS — SnO, along [100] [5].

CBED yields information about specimen thickness,
unit-cell parameters (accuracy of approx. 0.01%), crystal
system and 3D crystal symmetry (point group and space

group).
PED — Precession electron diffraction

PED is equivalent to the Buerger precession technique [3]
used in X-ray diffraction where the specimen as well as the
photographic plate circumscribe the surface of a cone (the
precession movement) with respect to the X-ray incident
beam in order to record an undistorted image of reciprocal
space. In the electron precession technique, it is the elec-
tron beam that is tilted and moved along the cone surface
having a common axis with the TEM optical axis and with
the studied zone axis of the specimen (Fig. 3).

PED was first proposed by Vincent & Midgley [4]. The
data show reduced dynamical effects because there are far
fewer simultancously excited reflections in the off-zone
condition. In addition, the precession integrates the diffrac-
tion intensities through the Bragg condition, which pro-
vides data sets less subject to minor sample tilt, and makes
the interpretations of pattern symmetry more reliable.
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a) b)

Figure 3. Electron diffraction of mayenite: a) precession off, b)
precession on [6].

HARD RADIATION AND PDF ANALYSIS ON A LABORATORY DIFFRACTOMETER

S. Prugovecki, M. Gateshki

PANalytical B.V. , Lelyweg 1, 7602 EA Almelo, The Netherlands
Stjepan.Prugovecki@panalytical.com

Pair Distribution Function (PDF) analysis has proven to be
a powerful method for structural characterization of vari-
ous types of materials, especially nano-sized and materials
with low crystallinty. The measurements required for PDF
are usually done at synchrotrons , using very short wave-
length radiation.

The typical general purpose powder diffractometer has
been equipped with a sealed tube with Ag anode (AgKo =

SL13

0.5609 ) and required filters and accessories for a capillary
transmission measurements. Various materials have been
measured and PDF analysis performed on obtained data.
An instrument configuration, obtained results and compar-
ison with synchrotron data will be shown and discussed.

Experience with testing of X-ray microdiffraction techniques
for the use in forensic science

ZKUSENOSTI S TESTOVANIM RTG MIKRQDIFRAKCNiCH TECHNIK PRO POUZITI
VE FORENZNI OBLASTI

V. Golias', I. Jebava', M. Kotrly?

"Ustav Geochemie, mineralogie a nerostnych zdrojt, Univerzita Karlova v Praze, Pfirodovédecka fakulta,
Albertov 6, Praha 2, 128 43
?Kriminalisticky Ustav Praha, poét. schr. 62/KUP, 170 89 Praha 7

Praskova rentgenova mikrodifrakce je progresivni
analytickd metoda, kterd umoziuje provedeni komplexni
fazové analyzy na ploSe, ktera je fadové srovnatelna
s plochou, kterd je studovana ostatnimi standardnimi
analytickymi metodami pouzivanymi na forenznich
pracovistich (zejména SEM/EDS). K témto metodam se
jednd o komplementarni postup, ktery umoznuje exaktni
provedeni kriminalisticko-technickych expertiznich ukona
bez poruseni vzorku a pIn€ zachova jeho ditkazni hodnoty.

Tato laboratorni technologie umozituje analyzu velmi
malé plochy na vzorku. Primarni svazek rentgenovych

paprsktl byl v nasem pfipad¢ fokusovan monokapilarou
s vnitfnim pramérem 100 a 800 pm. Monokapilara je dutd
sklenéna trubice, ve které dochazi k totalni reflexi
rentgenovych paprskt. Tento efekt vytvori z rozbihavych
paprski uzky kvaziparalelni svazek. Cilem této prace bylo
ovéteni limitd a zhodnoceni moznosti vyuziti laboratorni
rentgenové  praskové mikrodifrakce a  vytvofeni
metodického postupu pro aplikaci této technologie ve
forenzni oblasti. Vysledky této prace budou vyuzity pfi
rutinnim forenznim vysetiovani v Kriminalistickém tstavu
Praha.
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Monokapilara 100 um

Monokapilara 800 um
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Obrazek 1. Snimky smési o a  (cca 10 hmot. %) fazi Al,Os frakce 5 — 10 pm, zhotovené pomoci zobrazovaci folie. Snimkovano ve
stacionarni pozici 40° 260 monokapilarami 100 a 800 um (Cu Ka), nerotovano. Porovnani stejného tseku (1 D scan) zaznamenaného
detektorem X’Celerator (nahote). Velikost primétu vstupniho okna X’Celeratoru na folii umisténou ve vzdalenosti 43 mm od osy

difraktometru je vyznacena v levém dolnim snimku

Vyzkumné prace zahrnovaly nékolik dil¢ich témat.
Nejprve byla mikrodifrakéni technika porovnana se stan-
dardni praskovou metodou v geometrii Bragg-Brentano na
realnych forenznich vzorcich a standardnim materidlu
(korund SRM 676). Byl zjistén velky rozdil v profilech
difrakénich linii. Hodnoty FWHM jsou v mikrodifrakénim
zdznamu dvakrat az tfikrat vySSi nez v pfipadé
Bragg-Brentano (0,13 vs. 0,27° 26 pro (012) linii
korundu). Rovnéz tvar reflexi ziskanych mikrodifrakei je
mozné fitovat konvenénimi profilovymi funkcemi jen s
obtizemi. Na stejnych vzorcich byla také testovana
schopnost identifikovat vice fazi ve smési. V zavislosti na
druhu vzorku bylo mikrodifrakéni technikou odhaleno
vétSinou vice fazi nez technikou Bragg-Brentano.

Dalsim tkolem bylo uréit zrnitostni limit mikrodifrak-
ce. Byla pfipravena série vzorkti komer¢né produkovaného
korundu o ruznych zrnitostech a vysledky byly porovnany
se zaznamy ze zobrazovaci folie (imaging plate), obrazek
1. Studovany materidl obsahuje rovnéz nezanedbatelny
podil B-faze ALO; (NaAl;;0y7) v rizném poméru
k a-Al,O;, coz bylo vyuzito pro zhodnoceni kvality
kvantitativni analyzy z mikrodifrakénich dat. Horni
zrnitostni limit pro 100 um kapilaru byl stanoven 10-15 um
(vzorek nerotovany) a 25 um (vzorek rotovany). Pti pouziti
800 um kapilary jsou stejné hranice charakterizovany pro
frakce do 50 — 55 pum pro nerotovany a 100 um pro
rotovany vzorek.

Dale byl urcen detekéni limit minoritni faze ve smési.
K tomu bylo vyuzito smési kiemene a fluoritu v riznych
koncentracich. Fluorit byl vyhledavacim algoritmem
odhalen az do hmotnostni koncentrace 0,5 %. Naproti tomu
ve smési sadrovec + pyrop nelze diky velkému mnoZzstvi
difrakci sadrovce a silnym koincidencim odhalit standardni
metodikou ani ptimés pyropu 10 hmot. %.

Optimalizovany krok méteni byl stanoven 0,05° 20 pro
100 um i 800 um kapilaru a nacitaci ¢as 2000 resp. 400
s/krok.

V neposledni fadé byly testovany rizné druhy drzaka
vzorku. Jako nejvhodnéjsi byl urcen tzv. ,,bezdifrakéni*
kiemik se zvySenou vodivosti, ktery mize byt rovnéz
pouzit pro analyzu stejného vzorku elektronovym skeno-
vacim mikroskopem.

Na zavér bylo porovnano né€kolik vyhodnocovacich
softwarti a rizné mikrodifrakéni instrumentace. Velmi
zajimavou alternatiovou se jevi pouziti tzv. ,,pinhole®
kolimatoru; na totozném vzorku bylo mozno v porovnani
s kapilarou ziskat srovnatelna difrakéni data pro fazovou
identifikaci. Nestandardni geometrie blizka parafoku-
satnimu uspofadani ovSem produkuje velmi ,Spicaté*
difrakce nevhodné pro profilové fitovani.

Za financovani dékujeme Ministerstvu Vnitra, projekt

VD20062008B11, za pomoc mnohym milym kolegiim a
spolupracovnikiim.
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Microscopy of nanoparticles and films with nanoparticles
MIKROSKOPIE NANOCASTIC A VRSTEV S NANOCASTICEMI
P. Kacerovsky', K. Zd'ansky’', O. Prochazkova', J. Vanis', J. Grym', A. L. Vasiljev?,
E. M. Pasajev’

"Ustav fotoniky a elektroniky AV CR, v.v.i. Chaberska 57, 182 51 Praha 8, Ceska republika
2Kurchatov Center for Synchrotron Radiation and Nanotechnology, Kurchatov sq.,123182 Moskow,
Russian Federation, kacerovsky@ufe.cz

Pd-InP Schottkyho diody pro uziti jako detektory vodiku
byly pfipraveny na polo-izola¢nich podlozkach InP:Fe
elektroforetickym nanaSenim elektricky nabitych reverz-
nich micel s Pd nanocasticemi z roztoku isooktanu [1, 2].
Pro studium nanesenych vrstev s nanocasticemi (dale
nanovrstev) byla pouzita fada mikroskopickych a
diagnostickych metod: optickd mikroskopie (OM),
elektronova rastrovaci mikroskopie (SEM) a transmisni
mikroskopie (TEM, STEM) s vysokym rozliSenim
(HRTEM), rastrovaci tunelova mikroskopie (STM),
mikroskopie atomovych sil (AFM). Dale diagnostické
metody na méfeni elektrickych a optickych vlastnosti.
Z analytickych metod byla vybrana spektralni rentgenova
prvkova mikroanalyza (EDAX) a spektroskopie sekun-
darnich iontd (SIMS), ze strukturnich pak rentgenova
difraktometrie (XRD, LAXRD). Pro studium mechanizmu
rustu nanovrstvy a topografii byly pouzity metody SEM a
AFM. Na Obr.1 je topografie AFM nanovrstvy Pd-InP.
Z trfidimenzionalniho méteni profilu vrstvy vyplyva, ze
rast vrstvy do 10 nm je disledkem zaristani zarodkovych
ostrivki. Na Obr.2 je zobrazen povrch nanovrstvy
metodou SEM o tlous ce 25-30 nm, kdy pfi zvétSeni
70 000x jsou zde jesté pozorovatelna mista pivodnich
zarodk. Dlvodem pouziti tohoto rozsahlého spektra
metod je, ze zddna metoda samostatn¢ neposkytla
jednoznacné interpretovatelné vysledky co se ty¢e koncen-
trace, usporadani a velikosti nanocastic v nanovrstve.”

Obr. 1 AFM topografie nanovrstvy Schottkyho InP-Pd
diody o tlou§ ce 9 nm.

100nm

15.0kV

X70,000

Obr. 2 SEM topografie nanovrstvy Schottkyho InP-Pd diody
o tlou$ ce 25 nm.

Nejrelevantnéjsi data poskytly metody transmisni
elektronové mikroskopie s atomovym rozlisSenim HRTEM
a TEM a analytickd metoda SIMS.

Z TEM zobrazeni rozhrani nanovrstvy a podlozky InP
je mozné aproximativné odecist tlous ku deponované
vrstvy 30 nm (Obr.3). Pfi zobrazeni stejného mista pfi
maximalnim rozliSeni lze pozorovat uspoiadani jednot-
livych atomd v rovinach miizky podlozky InP (Obr.4).
Naproti tomu ¢astice v nanovrstvé jsou neusporadané.
Dukaz depozice Pd nanocastic o rozmérech vétsich jak 1
nm vSak metodou HRTEM ziskan nebyl. Kvalitativni
stanoveni Pd v nanovrstvé bylo méfeno metodou EDAX
bez prukazného vysledku. Pfitomnosti Pd v nanovrstvé
byla ovéfovana metodou SIMS [1,2] a potvrzena pozo-
rovanim plazmové rezonance pii reflektanéni spektro-
skopii. Neptimo pfi méfeni [-V charakteristik na vrstvach
ptipravenych obdobnym postupem, tj.s kladnou polarizaci
na podlozce InP béhem elektroforetické depozice [1,2].

Dalsi z otazek bylo potvrzeni miizkového uspotradani
nanocastic Pd — krystalitl, které bylo zjisténo v praci [3] na
zékladé XRD méfeni. Autofi pouzili obdobnou metodu
ptipravy Pd nanocastic, pficemz zjistili ze se jedna o
krystality o velikosti 5.1 nm. XRD méfeni vsak pfitomnost
krystalitt ani vrstvy Pd nepotvrdila. V kontextu
provedenych méfeni predpokladame, ze Pd nanocastice
jsou v amorfnim stavu a neuspofadané rozptyleny
vV nanovrstve.
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Obr. 3 TEM obraz nanovrstvy na InP podlozce.

Prace byla podporena GA CR (projekt 102/09/1037) a GA
AV CR(projekt KAN 401220801).

1. L.K. Zdansky, P. Kacerovsky, J. Zavadil, J. Lorincik and
A. Fojtik; Nanoscale Res. Lett. 2 (2007) 450-454;

2. K. Zdansky, P. Kacerovsky, J. Zavadil, J. Lorincik et al.,
Electrophoresis deposition of metal nanoparticles with re-
verse micelles onto InP, Internat. J. Mater. Res., v tisku.

3. Zen-I Chou, Chia-Ming Chen, Wen-Chau Liu and Huey-ing
Chen, IEEE Electon Device Letters, 26 (2005) 62-65.
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Obr. 4 HRTEM vzorku na Obr.3 s amorfni nanovrstvou.

X-RAY CHARACTERIZATION OF GaAs NANOWIRES GROWN ON Si NANOWIRES
P. Klang', A.M. Andrews™?, H. Detz', A. Lugstein?, W. Schrenk', G. Strasser"*

"Center for Micro- and Nanostructures, TU-Wien, Floragasse 7, Vienna, Austria
?Institute for Solid State Electronic, TU-Wien, Floragasse 7, Vienna, Austria
®Departments of Electrical Engineering and Physics, The State University of New York at Buffalo, Buffalo,
NY, USA
klang@fke.tuwien.ac.at

Combining the benefits of silicon with III-V semiconduc-
tors is a goal to producing novel structures for electronic
and optoelectronic applications. The Sinanowire templates
were grown epitaxially on Si (111) substrates using the va-
por-liquid-solid growth mechanism in a low-pressure
chemical vapor deposition reactor. A 2 nm thick gold layer
was previously sputtered on the substrate surface to serves
as a catalyst for the silicon nanowire growth. GaAs
nanowhiskers were grown on the silicon nanowire trunks
in a solid-source molecular beam epitaxy system. The
GaAs nanowhiskers formed tree-like structures with a
6-fold radial symmetry on the {112} side facets of the
[100] Si nanowires trunks [1]. We present the X-ray dif-
fraction study of the crystal structure of this material sys-
tem.

The high-resolution X-ray diffraction measurements
were performed to study the crystal properties of the GaAs
nanowhiskers grown on the Si nanowire trunks. From the
measured X-ray diffraction spectra we identified Si, wurt-
zite and zinc-blend GaAs, Au and AuGa diffraction peaks
[2]. Additional to the reciprocal space maps, we measured
the pole figures for the Si 111 and GaAs 111 diffraction
conditions (equivalent to wurtzite 0002 diffractions) to
find the relationship between Si and GaAs crystal struc-
tures. The peak positions in the pole figure for Si 111 dif-
fraction are in a very good agreement with the peaks in the
pole diagram for GaAs 111 diffraction (see Figure 1) and,
therefore, we can conclude the GaAs nanowhiskers were
grown hetero-epitaxially on the sidewalls of silicon
nanowires.
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Figure 1. Pole figures for Si 111 and GaAs 111 (0002) diffraction.

For better understanding of crystal properties of GaAs
nanowhiskers, we investigate the growth of the GaAs
nanowires on planar Si (112) wafers with various
pre-growth surface treatments. We removed the native sili-
con oxide using buffered hydrofluoric acid (HF) from one
half of the Si (112) wafer. A 2 nm thick sputtered Au layer
was deposited on the surface as a catalyst. The final step
was an additional HF dip to obtain 4 different zones on the
sample. At the end, we grew GaAs with the equivalent
layer thickness of 200 nm in our molecular beam epitaxy
system. The 4 different zones were visible on the surface
after the growth. High density oriented nanowires were ob-
served only on the part of the sample which was exposed to
HF only after the Au layer deposition. The scanning elec-
tron microscopy (SEM) image of the cleave edge of this
part of the sample is shown in the Figure 2.

We observed ordered GaAs nanowires on Si (112) sub-
strate. From the SEM image of the cleaved edge we can see
that these nanowires are tilted under an angle of 19.65°
from the substrate normal. This tilt corresponds to the angle

Figure 2. SEM image of the GaAs nanowires grown on Si (112)
substrate tilted by 19.65°.

between [112] and [111] direction. High resolution TEM
analysis confirmed that the GaAs [0001] nanowires were
grown in the wurtzite crystal structure along the Si [111]
direction as we expected from XRD and SEM.

The pole figures of Si 111 and GaAs 111 diffraction
confirm the hetero-epitaxial growth of the GaAs
nanowhiskers on silicon nanowire trunks. Based on the
analysis of GaAs nanowires grown on Si (112) substrates
we can conclude the GaAs nanowhiskers are grown on the
{112} facets of the Si nanowire trunks in the Si[111] direc-
tions. We also confirmed the wurtzite structure of the GaAs
nanowhiskers with the [0001] growth direction.

1. A. Lugstein, A.M. Andrews, M. Steinmair, Y. Hyun, E.
Bertagnolli, M. Weil, P. Ponratz, M. Schrambdck, T. Roch,
G. Strasser, Nanotechnology, 18, (2007), 355306.

2. H. Detz, P. Klang, A.M. Andrews, A. Lustein, M.
Steinmair, Y.J. Hyun, E. Bertagnolli, W. Schrenk,
G. Strasser, Journal of Crystal Growth, 311, (2009), 1859
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